The behavior of disordered isolated volumes (zones) in InP under electron action was characterized by TEM observations. The total areal fraction of the disordered zones in initial InP pre-irradiated by 100 keV heavy Au ions decreased as a function of irradiating electron uence (time of TEM electron beam irradiation) within all the investigated electron energy range (100Ä300 keV). Disappearance of disordered zones shows that these zones are sensitive to electron beam irradiation and recover even under electron energies not sufˇcient to directly elastically displace lattice atoms In and P. §ÊÎ¥´μ ¶μ¢¥¤¥´¨¥ · §Ê ¶μ·Ö¤μÎ¥´´ÒÌ §μ´¢ InP ¶μ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·μ´μ¢ ¶·μ¸¢¥Î¨¢ ÕÐ¥£μ Ô²¥±É·μ´´μ£μ ³¨±·μ¸±μ ¶ (OE). 'Ê³³ ·´ Ö ¤μ²Ö · §Ê ¶μ·Ö¤μÎ¥´´ÒÌ §μ´Ê³¥´ÓÏ ¥É¸Ö ± ± ËÊ´±-Í¨Ö Ô²¥±É·μ´´μ£μ Ë²Õ¥´¸ (¢·¥³¥´¨μ¡²ÊÎ¥´¨Ö´ OE) ¤²Ö ¢¸¥Ì¨ §ÊÎ¥´´ÒÌ Ô´¥·£¨°Ô²¥±É·μ´μ¢ (100Ä300 ±Ô‚). ¸É¢μ·¥´¨¥ · §Ê ¶μ·Ö¤μÎ¥´´ÒÌ §μ´ ¶μ± §Ò¢ ¥É, ÎÉμ ÔÉ¨μ¡² ¸É¨ÎÊ¢¸É¢¨É¥²Ó´Ò ± μ¡²ÊÎ¥´¨Õ Ô²¥±É·μ´ ³¨¨¨Ì ¢μ §¢· É´¥ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´Ê ¶·Ê£μ¸³¥Ð¥´´Ò³¨ Éμ³ ³¨In P. É¨ ¶·μÍ¥¸¸Ò ³μ£ÊÉ ¡ÒÉÓ¸¢Ö § ´Ò¸É¥·³¨Î¥¸±¨³¨ ¶·μÍ¥¸¸ ³¨ ¶·¨μ¡²ÊÎ¥´¨¨Ô²¥±É·μ´ ³¨ OE.
INTRODUCTION
This article is the continuation of the previous one [1] in which the results of radiation effects with creation of damage zone and amorphization of InP semiconductor single crystal samples (SSCS) under irradiation with low energy Au ions (100 keV) were presented. Using of Rutherford Backscattering Technique (RBS) and Transmission Electron Microscope (TEM) damage structure of irradiated InP SSCS versus the ion uences was studied. Recently, it has been demonstrated that electron irradiation at an energy lower than the threshold energy required to produce direct atomic displacement (point defects) has resulted in zone shrinkage and disappearance in several elemental and compound semiconductors [1, 2] . The disappearance rate of thermally and laser-induced recovery of these zones was compared to the electron beam-induced recovery process, it was found that the electron beam-induced recovery was more efˇcient (judging by the disappearance rate versus elapsed time) than theˇrst two processes [3] . TEM image computer analysis was used to extract the recovery behavior during in-situ electron irradiation. Zone diameters, based on approximating of the area of irregular zone morphology to a circle, were reported to shrink linearly with increasing electron uence, the shrinkage rate falling with decreasing electron energy. The observed shrinkage rate fell to a minimum at electron beam energies corresponding to elastic energy transfers ∼ 0.5E d (where E d is the displacement energy assumed to be an overall average atomic displacement energy neglecting crystalline directional dependences).
Surprisingly, the shrinkage rate increased again at lower electron energies ( 100 keV) and was found to be insensitive to the crystallographic orientation and the temperature at which the in-situ electron irradiation was carried out. These experiments clearly suggest that low energy electron beam recovery may not require point defects production by direct elastic atomic displacement but rather that electron excitation and ionization effects (inelastic) may be responsible for the surprising observations. Recent MD simulations [4] have shown that the process of recovery for amorphous zones in subthreshold electron irradiation of Si might possibly be not only due to the elastic energy transfer but also by inelastic processes involving, for example, bond breakage and a rearrangement of the disrupted atomic order at the amorphous-zone/crystal lattice interface.
The purpose of this article is the study of behavior and evolution of damage zones produced by low energy Au + ion irradiation of InP semiconductor single crystal (see [1] ) and following electron beam-induced disappearance of disordered zones under electron irradiation by TEM electronic microscope.
EXPERIMENTAL PROCEDURE
InP samples were prepared for irradiation from a 500 μm thick, semi-insulating, polished, (001) oriented InP wafer. In addition to bulk samples, thin foil samples (electron transparent 200 nm thick) were prepared before the ion irradiation in order to avoid the artifacts usually associated with post-irradiation preparation of InP and to facilitate the immediate TEM observation of the irradiated samples. Both the bulk and thin foil samples were irradiated by 100 keV Au ions in a non-channelling direction at room temperature using the tandem accelerator at the Electronic Materials Engineering department at the Australian National University (ANU). The Au ion uence ranged from 1.0 · 10 12 Ä1.0 · 10 14 cm −2 and the ion ux was ∼ 5.7 · 10 11 cm −2 · s −1 [1] . The TEM in-situ electron irradiation of Au ion irradiated samples were observed isolated disordered zones and were performed in Phillips CM-300 microscope (see [1] ). The electron irradiations were carried out using the illuminating electron beam as a function of both electron beam energy and uence. The evolution of disorder under electron beam irradiation was investigated forˇve different electron beam energies ranging from 100 to 300 keV, thus the electron dosimetries were quantiˇed for the electron beam energies. The beam current wasˇrst accurately measured at 300 keV using a Gatan analytical double tilt holderˇtted with an electrically isolated Faraday cup. Maximum value of beam current was i max = (8.3 ± 1.6) nA. The beam was then spread to cover the circular viewing uorescent screen at magniˇcations sufˇcient to observe and analyze the disordered zones (magniˇcation was about ×70000) and the exposure time which determines the beam intensity falling on the uorescent screen (at this current) was acquired (as indicated by the exposure meter in the TEM panel). Beam proˇles falling on the sample for the other obtained energies (100Ä300 keV) were plotted to ensure the uniformity of electron ux over the beam widths. The beam diameter at full width half maximum (FWHM) was determined for each beam energy (steps of 50 keV) and found to be D ∼ 2 μm. By scaling the exposure times for each energy to that acquired for 300 keV for which an accurate electron beam current has been measured, estimations for beam currents were obtained. Thus, during electron irradiations, the electron beam was spread over a FWHM of ∼ 2 μm where the beam has a uniform proˇle. For each experiment the ux was maintained constant and hence the total electron uence was proportional to the irradiation time. The electron current density irradiating the samples (J) was in the range 0.1 J 0.4 A · cm −2 . The contrast of the observed zones was enhanced by using brightˇeld technique down the 001 zone axis, where these zones generally appear as irregular dark contrast features in a homogeneous light background. And the in-situ electron irradiation was conducted axially along the 001 zone axis to investigate electron beam-induced recovery of disorder created by 100 keV Au + ion irradiation of InP. Thus, aˇeld of many disordered zones was identiˇed in an area of the lowest ion uence irradiated InP sample (1.0 · 10 12 cm −2 ) and the evolution of that initial disorder under electron beam irradiation in TEM was in-situ monitored. Thus, each in-situ TEM observation for particular electron beam energy rendered a series or time sequence of TEM images which enabled us to access the TEM observed recovery of the initial disorder with the irradiating electron uence for the corresponding electron energy. The images were digitized, computer processed using Adobe Photoshop software to enhance the overall images quality and improve contrast, subsequently. The AnalySiS R software package [5] was used for quantitative image analyses (to estimate the total area of the observed disorder for each image in a sequence). It is relatively straightforward to measure an irregularly shaped feature such as single zone from a digitized image. However, for an image with aˇeld of many irregularly shaped features (disordered zones) of different contrast levels (different gray levels) as obtained in a typical TEM image, difˇculties may arise in setting threshold levels for that digitized image for the subsequent computer analysis as the effect of altering the threshold even slightly can be quantitatively large [6] . Toˇnd the optimum threshold levels, visually judged by observing the best levels that deˇne and encompass almost all the observed different dark contrast features (zones) for all the images in a particular TEM image sequence, hence, a set of S-shaped graphs for micrographs of each sequence was obtained based upon continuous threshold level variation (the abscissa) and the corresponding calculated total areal fraction of all the dark contrast (the ordinate) versus threshold level values. We found that the optimum threshold levels lie (on the abscissa) at approximately ∼ 50% of the value of the threshold level of the in ection point on the second derivative graphs of these S-shaped graphs. It was found that this delivered the best and maximum deˇnition of all the disordered zone boundaries in the same sequence of TEM images. Hence, this image optimization process was carried out for each series of the obtained TEM images (i.e., for every TEM image sequence of the investigated electron beam energies).
RESULTS AND DISCUSSION
The results of radiation zones accumulation under Au (100 keV) irradiation versus uence and ion energy with the use of TEM and RBS/C analysis and a phenomenological model of core creation are presented in [2] and [7] , respectively. In Fig. 1 we show an example of evolution of aˇeld of such disordered zones observed during 200 keV electron irradiation. As evident in the above TEM images, continuous electron irradiation induces shrinkage and disappearance of disordered zones. For all the investigated electron energies (100Ä300 keV) the fraction of disorder was found to shrink gradually as a function of increasing electron uences, where many zones completely disappeared. Quantiˇcation of the recovery process of disorder at all electron energies is presented in Fig. 2 . In thisˇgure, the total area of all the disorder as the sum of the areas of the observed dark contrast features (zones) normalized to the same initial pre-electron irradiated area (i.e., 0 electron uence or 0 time) is plotted as a function of the electron uence. The estimated errors in areal fraction determination (ordinate points) are approximately 5% for each ordinate point as this depends on the optimum threshold level for a micrograph sequence. As apparent from Fig. 2 , there is a continual recovery of damage for all the investigated energies. This is evident as the continuous reduction of the area fraction of disorder where approximately half of the area fraction of disorder recovers following irradiation to electron uences of ∼ (0.5−1.0) · 10 22 cm −2 . However, an enhanced recovery rate appears for the two lowest energies (100Ä150 keV), while the recovery is slower for the case of higher energies (200Ä300 keV). Electron beaminduced recovery is in general a complex process which has been attributed to a wide range of effects [8] mainly to the following: (1) Direct beam heating, where thermal annealing may be the reason of disappearance of disordered zones.
(2) Elastic interactions and atom knock-ons giving rise to enhanced point defects mobility. (3) Electronic excitation involving the breaking or rearrangement of unstable bonds. Let us estimate maximum and average energies which can be transferred to In and P knock-on atoms in elastic collisions of electrons with InP atomic lattice. The maximum ε max and average ε aver energies of primary knocked atoms (PKA) and inelastic energy loss of electrons are presented in the Table. The calculations of these energies were carried out with the use of computer code developed in [9] .
Average energy loss on ionization and excitation was calculated using RohrlichÄCarlson formula [10, 11] which is the relativistic analog of BetheÄBloch formula [10Ä12]:
where Z is the charge of lattice atoms. Relativistic factor β = V/c and factor γ can be presented in relativistic case as
The maximum transferred energy primary knocked atoms (PKA) can be presented in the form:
T ≡ E − m e c 2 = (γ − 1)m e c 2 is the kinetic energy of electrons in relativistic case at E > m e c 2 0 , dimensionless parameter ε = T /m e c 2 ; δ is the correction due to density effect. More realistic parameter of collisions between electrons and lattice atoms is average energy of PKA which is expression (6) in [9] . I In,P is an ionization potential of In and P lattice atoms if charges of nuclei satisfy the inequality 13 < Z In,P < 82 [13] : 
The concentrations c In and c P of lattice atoms In and P, respectively, are equal to one another, i.e., c In = c P = 0.5. Let us present theˇgures of maximum (using expression (3)) and average energies (see [9] , expression (6)) transferred to primary knocked In and P lattice atoms. The corresponding calculated graphs are presented in Figs. 3 and 4 , respectively.
Comparison of maximum and average values of energies transferred to PKA allows us to conclude that there is a big difference between them. The probability of PKA creation with Fig. 3 . Dependence of maximum energy transferred to primary knocked In and P atoms (PKA) versus the electron energy Fig. 4 . Dependence of average energy transferred to primary knocked In and P atoms (PKA) versus the electron energy (see [9] ) maximum energy ε max is very small. So it is necessary to take into account the PKA with average energies. As one can see from expression (6) presented in [9] , the calculations of average energy are much better when there exist higher differences between threshold energy of lattice atom displacement (E thres ) and maximum transferred energies ε max . As one can see, the relation between maximum and average energies of PKA is relatively large. Also, in Now we present the energy dependence of inelastic energy loss (energy loss on ionization and excitation) of electrons in InP (see Fig. 5 ). This curve was obtained using expressions (1), (2), (4) and (5).
The energies of the electron beams of relevance to our investigations are of course in the range of 100Ä300 keV and as in Figs. 3 and 4 we presented the relevant interval only for best understanding of such a dependence behavior.
The calculations of temperature rise under electron irradiation in TEM were presented in [2] . Theˇnal formula can be expressed as
here K, b and r 0 are thermal conductivity (for InP at T = 300 K, K = 0.68 W/cm/ • C [14]), sample for transmission microscope diameter and diameter of the beam, respectively. The temperature rises of InP in comparison with GaP [2] samples under irradiation by electron are presented in the Table. It is clear that such low values of temperature rise cannot provide the disappearance of disordered zones which was observed at these studies. The thickness of InP TEM samples for the study is about h = 1000 A and diameter of beam circle is D = 2 μm. Then, one can conclude that the dissipation of heat from such a thin foil by thermal conductivity processes is very small in distinction of conclusion in [2, 3] (see Eq. (6)). It is necessary to note that the recovery of disordered zones took place only in the area irradiated by electron, there is no any disappearance of disordered zones outside of this circle. The main process of heat dissipation can be the radiation by StefanÄBoltzmann law: σ SB T 4 . Let us estimate maximum temperature in the area of electron beam irradiation with the use of simple equation for thermal conductivity:
Here C = 0.3 J/(g · K) is the speciˇc capacity of InP at T = 300 K and this value has a saturation at T > 300 K, m is the mass of a cylindrical volume of InP with the sizes equal to the diameter of the electron beam D = 2 μm and height h ≈ 1000 A, K = 0.68 W/(cm · • C) is the thermal conductivity of InP at T = 300 K. The StefanÄBoltzmann constant has a value for absolutely black body:
The irradiation with the use of the StefanÄBoltzmann law can be from both surfaces and also it may be more correct to write such a member in boundary conditions like these:
Here T 0 is the initial temperature of sample, coefˇcient a is the degree of blackness and a 1.
The thermal conductivity of InP decreases very quickly with the growth of temperature [14] . Let us consider steady state and also neglect the thermal conductivity term. So one can obtain the simple expression:
From this expression one can get a value of temperature:
T ≈ 1.17 · 10 3 K.
CONCLUSION
Electron beam-induced recovery of zones was observed in-situ in InP as a function of electron energies and uences. Zones were found to be sensitive to irradiating electrons where they shrink and disappear even at subthreshold electron energies (insufˇcient to displace either the P or In atoms in InP). An important role for inelastic mechanisms in the recovery process is strongly implied. And it appears unnecessary to suppose that only elastically produced Frenkel pairs induce recovery. It is more likely that electron beam-induced ionization (electronic excitation) may play a signiˇcant role in the solid-phase recovery process of disorder in InP. The shrinkage and disappearance of zones by electron beam irradiation does not depend on the zone size which might not be singly activated process as the case for recovery of planar amorphous interface.
